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Specific ion/molecule reactions are demonstrated that distinguish the structures of the 
following isomeric organosilylenium ions: Si(CH,)$ 
Si(CH&GHs)+ 
and SiH(CI-13)(C2H5)+; 
and SiH(C,H,)~; and Si(CH3)2(i-C3H,)+, Si(CH,)2(n-CsH,)t, 
Si(CH,)(C,H&, and Si(CHs)s(s-C2H4)+. Both methanol and isotopically labeled ethene 
yield structure-specific reactions with these ions. Methanol reacts with alkylsilylenium ions 
by competitive elimination of a corresponding alkane or dehydrogenation and yields a 
methoxysilylenium ion. Isotopically labeled ethene reacts specifically with alkylsilylenium 
ions containing a two-carbon or larger alkyl substituent by displacement of the correspond- 
ing olefin and yields an ethylsilylenium ion. Methanol reactions were found to be efficient 
for all systems, whereas isotopically labeled ethene reaction efficiencies were quite variable, 
with dialkylsllylenium ions reacting rapidly and trialkylsilylenium ions reacting much more 
slowly. Mechanisms for these reactions and differences in the kinetics are discussed. (1 Am 
Sot Mass Spectrom 1991, 2, 278-291) 
B 0th cationic and anionic organosilicon species are highly reactive in the gas phase [I-4], with a number of interesting facile rearrangements 
occurring. For example, collision-activated dissocia- 
tion (CAD) of Si(CH,); results in significant elimina- 
tion of C,H,, process 1 [5]. This obviously complex 
reaction 
CAD 
Si(CH,): ------> Si(CH&:+ C,H, (1) 
may proceed by either prior rearrangement to an 
ethylmethylsilylenium ion, process 2, with subse- 
quent ethene elimination or by simple extension of 
vibrations, process 3. In any case, the elimination of 
ethene is a facile 
[Si(CH,)t]* ---> (CH,CH@H(CH~)+ (2) 
---z (CH,)SiH$+ C,H, t3) 
t 
CH3 
process. Schwarz, Apeloig, and co-workers [6, 71 re- 
cently studied the decomposition of a series of iso- 
merit SiC,H& ions and found a number of interest- 
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ing, facile rearrangements. Particularly intriguing was 
the observation that CAD of both the carbenium, 
(CH,-+CH)Si(CH,),, and the corresponding silyle- 
nium, (2’~C,H,)Si(CH,);, yields identical losses, 
with C,H, and CsH, eliminations dominating in a 
ratio of 1.25:1 [6]. A novel hydrogen-methyl exchange 
reaction involving silylenium ions (SiH1(CH3)3_x+, 
x = 1 - 3) and propene, process 4, was reported [8]. 
All of these results 
SiH,(CH,);_,+ C,H, ---GI-I,_,(CH,),+_,+ C&I, 
(4) 
reflect the high proclivity of organosilicon ions to 
rearrange, consistent with their rich chemistry [l-4]. 
Except for a few notable examples 16, 71, reaction 
mechanisms involving organosilicon ions are poorly 
understood, even though labeling experiments have 
been exploited in many cases. Clearly, the ability to 
determine/distinguish isomeric ion structures would 
allow reaction mechanisms to be tested. Collision- 
activated dissociation is commonly employed for ion 
structure determination [9], however, the propensity 
for organosilicon ions toward rearrangement renders 
CAD a less than definitive probe of structure 16, 71. 
Specific ion/molecule reactions can, however, be quite 
selective probes of ion structure [lo, 111. In this case, 
neutral reagents are selected that exploit the charac- 
teristic reactivity of an ion. 
Methanol reacts with trimethylsilylenium by elimi- 
nation of methane, yielding a methoxysilylenium ion, 
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process 5, presumably through the intermediacy of 
oxonium, J [12]. Reactions with alcohols containing a 
two-carbon 
Si(CH,): + MeOH --+- (CH3)2:i-$, 
/Me 
1, CH,H 
---‘(CH&Si(OMe)++ CH4 
(5) 
Si(CH,)l+ ROH z> (CHJ),Si-OH; 
+ R’CH = CH, 2, (6) 
or larger chain yield elimination of the corresponding 
olehn, forming protonated trimethyl silanol Q), pro- 
cess 6 [lo]. Dialkyl ethers {R > Me) react in a similar 
fashion with sequential elimination of two olefms, 
yielding 2 [13]. AllyldimethylsiIylenium reacts with 
alcohols by specific elimination of the ally1 group as 
propene, forming an alkoxydimethylsilylenium, pro- 
cess 7 [14]. 
(CH,),SiCsH;+ ROH ---> (cH,),s~(oR) + + C,H6 
(7) 
The complete absence of process 6 for allyldimethylsi- 
lylenium contrasts that for trimethylsilylenium. The 
above results suggest that methanol may be employed 
as a probe of alkylsilylenium structure. Specihcally, 
methanol may react with a dialkylsilylenium ion, 
yielding competitive elimination of a corresponding 
alkane or dehydrogenation, each yielding a methoxy- 
silylenium ion, process 8. For example, the SiC,H; 
isomers, Si(CH& and SiI-I(CHJ(C2Hs)+ (eqs Sa-tk, 
below), would yield distinct products upon reaction 
with methanol. 
In this article, we demonstrate that methanol can 
be used to structurally distinguish isomeric alkylsilyle- 
nium ions. In addition, ethene is found to react 
specifically with alkylsilylenium ions containing a 
two-carbon or larger alkyl substituent by displace- 
ment of the corresponding olehn, process 9. By 
(CH&I(CnHZn+-l)++ C,H, -+ (CH3j2Si(C2Hs)+ 
nr2 
+ C,Hz, (9) 
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using both methanol and ethene (isotopically labeled), 
various alkylsilylenium ion structures can be deter- 
mined. In this article we demonstrate that the follow- 
ing isomeric organosilylenlum ions can be structurally 
. . . 
distmgurshed: Si(CH,); and SiH(CH,)(C,Hs)+; 
Si(CHs)2(C2H,)+ and SiH(C,H,):; and 
Si(CH 3)2(i- C sH ,)+, Si(CH s)z(n- C sH 7)+, 
Si(CH,)(C,H&, and Si(CH,),(s-C,HJ+. 
Experimental 
AU experiments were performed by using a modlbed 
Nicolet (Madison, WI) RIMS-1000 Fourier transform 
mass spectrometer (for reviews on this methodology, 
see [15, 161) equipped with a 5.08 cm cubic trapping 
cell, 3.0 T superconducting magnet, and a 1.2 V trap- 
ping potential (a complete description of the Instru- 
ment can be found in [17]). A Bayard/Alpert type 
ionization gauge was used to monitor pressure and 
was calibrated by using reactions with well-known 
rate constants. Pressures of reagent neutrals were 
subsequently corrected using ionization cross sections 
[18]. Uncertainties in pressure readings are less than 
230% and are the largest source for error in reaction 
rate constants, hence absolute reaction rate constant 
errors are assigned as & 30%. Replicate measurements 
(at least three trials) yield a precision of < *lo% of 
the measured rate constant (precision measured as 
the maximum deviation from the mean}. Hence, for 
comparison, the relative error in rate constants for 
reaction of distinct ions with a particular neutral is 
< *lo%. Chemicals were obtained in high purity and 
used as supplied except for multiple freeze-pump- 
thaw cycles to remove noncondensable gases. Ethene 
-D4 and ethene-13C2 were obtained from MSD Iso- 
topes (Montreal, Canada) with > 98% isotopic purity. 
AII of the authentic alkylsilylenium ions were gen- 
erated by electron impact (EI) on the corresponding 
organosilane except for the dimethylpropylsilylenium 
ions that were produced by chloride abstraction from 
the respective chlorosilanes by Si(CH&, process 10. 
Si(CHs)s(r-&H,)+ was formed by 
USi(CHs),(C,H,) + Si(CH,)l 
---> Si(CH,)2(C,H,)+ 
+ ClSi(CH,), (18) 
I...---...> (R)(H)Si(OMe)* + R’H W 
(I?) (IX> (H)Si++ MeOH 
. . .._...... I......... > (R’)(J-J)Si(OMe)++ RH (8b) 
L........, (R’)(R)Si(OMe)++ Hz W 
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Table 1. Summary of reactions of specific organosilylenium ions with methanol 
Reactant ion 
SiKZH& 
SiH(CH3)LC2H5) + 
SiH(C,H,I: 
SilCH,I,(C,H,) + 
SilCH,l,(i-C3H,) + 
Si(CH,l,(n-C,H,)* 
SilCH,K,H,I,C 
Si(CH3)J(T-C2H4J + 
Product a ions k ObD Efficiency’ 
SiICHQ),0CH,f(0.901 0.61(0.18) 0.36 
I- I 
ISilCH,l~lHOCH,~O.10) 
Si(CHsX2H5)OCH3+10.48) 
SiH(C2H,bOCH$(0.22J 
SiH(CH,)OCH:(0.27) 
ISiH(CH,)(C,H,I+lHOCH3(0.03) 
Si(CzH,),0CHz(0.55) 
SiH(C,H,)OCHi(0.431 
[SiH(CZH,)~1H0CH,~0.02) 
Si(CH,)(C,H,)OCH$(O.49) 
Si(CH3)20CH,+10.31) 
ISi(CHJ),lCZH5)‘lHOCH,(0.20) 
Si(CH,I(C,H,)OCH;(O.57) 
Si(CH,),OCH,+(0.24) 
ISilCH3~2~C3H,l*lHOCH3(0.19) 
Si(CH,K,H,)OCH~(O.40) 
Si(CH3),0CH~(0.43) 
[SiICH31,tC,H,)+lHOCH3(o.17~ 
Si(C,H,),OCH$I0.221 
Si(CH3K,H,)OCH~(0.60J 
ISiKZH,l(C,H,~~lHOCH,(0.18~ 
ISi(CH,)~IHOCH,(l.OO) 
1.43fO.43) 0.86 
1.71(0.51) 1.06 
0.78tO.231 0.49 
0.66(0.201 0.42 
0.82iO.251 0.52 
0.64(0.25) 0.53 
0.85(0.26) 0.53 
sBranching ratio for reactions are in parentheses. 
bObserved bimolecular rata coefficients for disappearance of the reactant ion in units of lo-* 
cm3molecule ’ 6 ’ with uncertainties in oarentheses. 
’ OVerall reaction efficiency = k,,, fk,,,, i251. 
electrophilic dehydration of the corresponding alco- 
hol, process 11. All of the 
(CH,),Si-CH,CH20H + CH: 
---z (CH,),Si( x-C2H4)’ 
+ H,O + CH, (11) 
precursor organosilanes were introduced into the vac- 
uum chamber via a pulsed solenoid inlet valve in 
order to prevent complicating side reactions with 
background organosilane [l-4]. (A detailed descrip- 
tion of pulsed valve introduction of reagent gases in 
conjunction with Fourier transform mass spectrome- 
try [FTMS] can be found in ref 19.) The pulsed valve 
is triggered off the quench pulse with the valve dura- 
tion varied (typically between 2-3 ms) to control the 
amount of pulsed reagents introduced into the cham- 
ber. The ballast pressure in the pulsed valve assembly 
was < 1 torr. A 50-ms delay follows the opening of 
the pulsed valve prior to EI ionization (typically 50-ms 
beam duration, 70 ev). A variable delay following 
ionization (ca. 1 s) is used to allow the pulsed reagents 
to be pumped from the vacuum chamber. The desired 
ion is isolated by swept ejection pulses [15] and sub- 
sequently allowed to react with a static pressure of a 
specific reagent or is collisionally activated [9, 201. A 
static pressure of 1 x 10e5 torr Ar was used through- 
out these experiments and serves both to facilitate ion 
thermalization prior to reaction and also as the target 
for CAD. 
Details concerning CAD in conjunction with FTMS 
have been described elsewhere [21-231. Collision- 
activated dissociation breakdown curves were ob- 
tained by varying the kinetic energy of the ions (typi- 
cally between 1 and 50 eV) by adjusting the duration 
of the CAD electric field pulse (typically between 100 
and 600 rs). The CAD fragment ion intensities are 
plotted ag a fraction of the initial parent ion intensity 
(no excitation) versus kinetic energy. This allows both 
the energy dependency for fragmentation as well as 
the fragmentation efficiency to be compared directly 
for isomeric systems. The sum of ion abundances 
totals less than unity at higher collision energy due to 
ion ejection from the cell. The CAD breakdown curves 
are very reproducible, with less than -t3% absolute 
variation in ion abundances. The spread in ion kinetic 
energy is dependent on the total average kinetic en- 
ergy and is 65% at 1 eV, 19% at 10 eV, 11% at 30 eV, 
and 6% at 100 eV [24]. 
Results and Discussion 
The reactions of silylenium ions with methanol and 
ethene (labeled) are summarized in Tables 1 and 2, 
respectively. The methanol reactions are generally 
quite efficient, with efficiencies varying between 1.06 
(SiH(C,H,):) to 0.36 (Si(CH,),+) [U]. (Reaction effi- 
ciency is taken as the ratio of the experimental rate 
constant to the collision rate constant (i.e., k,, /kc,,). 
Collision rate constants were calculated by using the 
average dipole orientation approximation for polar 
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Table 2. Summary of reactions of specific organosilylenium ions with ethene 
Neutrala 
Reactant ion reactant Product b ions k ObsC Efficiency” 
SiH(CH3)(C2HS)+ C,H, [SiH(CH3)(C2H51+lC,H.(1 .OO) 0.035(0.011 I 0.032 
SiH(CH,l(C,H,l + *C 2-L 
SiH(CH&CIH,) l CzD, 
SiH(C,H,l; *C ,H, 
SiH(CIH,)t CzD, 
Si(CH,l,(C,H,)+ 
Si(CH,l,(C,H,)+ 
Si(CH3L2(i-C,H,)* 
Si(CH3),(i-C3H,) l 
SilCH3)21i-C,H,)C 
Si(CHJ)2(n-CJH,) + 
Si(CH,),(n-C3H7)C 
SiKZHJ121n-C3H,l+ 
Si(CH,IlC,H.& 
WCH,I(C,H& 
*Cd-b 
C2D4 
CzH, 
*Cd-L 
C,D, 
Cd+; 
*C2Ha 
CzD, 
*CzH, 
CID, 
SiH(CHJ)(*CZHsI*(0.93) 0.35(0.11) 
[SiH(CH31(C2HS)+1*C2H4(0.07) 
Si(CH,)C2H,D+(0.231 
SiICH,)C,H,Df(0.07) 
Si(CH,)C,H,D,t(O.l I) 0.4810.14) 
Si(CH,)C,HzDf(0.551 
[SiH(CH3)K12H,lClC2D,(0.04) 
SiH(C2H5)(*C2HS)+(0.97) 0.47fO.14) 
[SiH(C2H5)2+1*C2H,(0.03) 
SiC.HloD+(0.18) 
SiC,H,D:(0.03) 
SiC,H,D$(O.OS) 0.70(0.21) 
SiC,H,D;(0.65) 
ISiC.,,HAlC,D,10.09) 
Si(CH312(*C2H51f(l.00) 0.0047~0.0014) 
Si(CH,l,KZ,D,H) + (I .OO) 0.0042(0.0013) 
Si(CH,l,(C,H,)+(l.OO) 0.0062(0.0019) 
Si(CH,),(*C,H,)+(l.OO) 0.0047(0.0014) 
Si(CH3)2(C2D,Hl+(1.00) 0.0069(0.0021) 
Si(CH,),(C,H,)+(l.OO) 0.016~0.005) 
SiKH,),(*C,H,)+(l.OO) 0.018(0.005~ 
Si(CH3)2(C2D4H)+(1.00) 0.016~0.005) 
Si(CH3)1C2HSIl*C2H6)*~l.00) 0.0035~0.00111 
Si(CH,)IC,H,I(C,D,H)+(l.OO) 0.0038~0.0011) 
0.33 
0.47 
0.46 
0.71 
0.0046 
0.0042 
0.0064 
0.0047 
0.0071 
0.016 
0.016 
0.016 
0.0035 
0.0039 
“‘*” denotes “C isotope. 
bEranching ratio for reactions are in parentheses. 
CObserved bimolecular rate coefficients for disappearance of the reactant ion in units of 10ms 
q3molecule _ ’ s ’ with uncertainties in parentheses. 
Overall reaction efficiency = kobs /kc,,, 1251. 
‘Reaction yielded nonlinear kinetics. See text for discussion. 
neutrals.) In contrast, ethene reaction efficiencies are 
generally much lower with greater variability between 
distinct systems. For example, ethene reacts rapidly 
with dialkylsilylenium ions (e.g., SiH(C,Hs)$; 
eff. = 0.71), however, the efficiencies with trialkylsi- 
lylenium ions are nearly two orders of magnitude 
lower. In addition to the primary reaction products 
listed in Tables 1 and 2, many subsequent reactions 
were observed. For example, methanol reacts sequen- 
tially with Si(CH&, ultimately yielding trimethoxysi- 
lylenium, process 12. As a 
si(c~3)~__??!_~ Si(CH3)20Met 
-CH, 
+ 2MeOH 
-;;c~---> Si(OMe): 
4 
(12) 
consequence, reaction branching ratios were obtained 
when less than 25% of the ion of interest has reacted 
and are the average of three trials. Uncertainties in 
branching ratios are < *lo%. Branching ratios for 
reaction with C,D, are reported only for products 
with greater than 2% abundance, due to the small 
isotopic impurities in the label. 
SiC,H, + Isomers 
The CAD breakdown curves for Si(CH,),+ and 
SiH(CH3)(C2Hs)+ are illustrated in Figures 1 and 2. 
As can be seen, both ions yield similar losses, with 
C,H, elimination dominating, process 13. At higher 
collision energy some SiCH; is also observed. Triple 
mass spectrometry [26] revealed that SiCH$ is formed 
primarily 
SiC,H$ CA!!, SiCHl+ C H 2 4 (13) 
by sequential C,H,/H, loss instead of direct C,H, 
elimination. These results are in accord with a high 
energy CAD study of Si(CH& [5]. Although both 
SiC,Hq isomers yield the same fragmentations, dif- 
ferences are observed in both the overall efficiency 
and energy dependency. The higher energy require- 
ment from fragmentation of Si(CH& is due in part 
to its increased thermal stability over SiH(CH,) 
(C,Hs)+ (ca. 17 kcai/mol). (The enthalpy of forma- 
tion of SiH(CH3)(C,H5)+ is estimated as 164 kcal/mol 
by assuming that the following reaction is thermoneu- 
tral and by using the following thermochemical infor- 
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0 10 20 30 40 
E max (eV, Lab) 
Figure 1. Variation of ion abundances as a function of kinetic 
energy (laboratory frame) for dissociation of collisionally acti- 
vated Si(CH,):. 0 = Si(CH,)f; 0 = SiCH;; A = SiCH;. 
mation: 
SiH(CH,); + C,H, ---> SiH(CH,)(C,H,) + + CH, 
AH~(SiH(CH&) = 172 kcal/mol and AH~(Si(CH&) 
= 147 kcal/mol, from [27a]. Auxiliary thermochemical 
information is taken from ref 27b). In addition, sub- 
stantial rearrangement is required for C,H, elimina- 
tion from Si(CH&. C,H, elimination from Si(CH,): 
may involve a dyotropic rearrangement; yielding 
SM(CH3)(C2H5)+ followed by C,H, extrusion by fl 
-hydride migration (see below). The differences in 
the CAD efficiencies and energy dependencies for the 
SiC3Hg isomers are structurally diagnostic; however, 
it would be dticult for CAD to distinguish a mixture 
of the two silylenium isomers. 
Si(CH,)$ reacts with methanol, yielding elimina- 
tion of methane, process 5, generating a dimethyl- 
methoxysilylenium ion along with a small amount of 
condensation (Table 1) [12]. Reaction with CH,OD 
yields exclusive elimination of CH,D. In contrast, 
three different neutral losses are observed for 
SWCH&ZHS)+ with methanol, reactions 14-16, 
below, along with some condensation (Table 1). All 
three processes can be viewed as originated from an 
0.0 10 20 30 40 50 
E max (eV, Lab) 
Figure 2. Variation of ion abundances as a function of kinetic 
energy (laboratory frame) for dissociation of collisionally acti- 
vated SiH(CH,)(C,H,)+. 0 = SiH(CH,)(C,H5)+; 0 = SiCH:; 
A = SiCHi. 
oxonium intermediate analogous to 1 with competi- 
tive eliminations. Dehydrogenation is clearly the fa- 
vored process, hqwever, significant alkane elimina- 
tions are also observed. Interestingly, elimination of 
ethane is favored over methane elimination and this 
trend holds for all ethylmethylsilylenium isomers (Ta- 
ble 1). The reaction efficiency of the dialkyl isomer is 
approximately double that for the trialkyl isomer, and 
this general trend persists throughout this study (Ta- 
ble 1). The reduced efficiency of the trialkylsilylenium 
reaction may simply be a consequence of steric crowd- 
ing around the silicon atom, making formation of 
adduct ; more difficult. 
Si(CH& is inert with labeled ethene (13C or D 
labeled), however, ethene-13C, reacts rapidly with 
SiH(CH,)(C2Hs)+, yielding thermoneutral displace- 
ment of an unlabeled ethene, process 17, along with 
condensation (Table 2). The product of reaction 17 
undergoes exclusive, slow condensation 
=(CH,) (C,H,) + + 13C,H, 
---> SiH(CH3)(‘3C2H5)++ C,H, 
(17) 
,.!:?-?-.a Si(CH,)(C,H,)OMe++ H, 
: 0 22 SiH(CH,)(C,H,)f + MeOH -.....--.-.~.-.:-..... SiH(C,H,)OMe++ CH, 
;_0.27 
*---.---B SiH(CH,)OMe++ C,H, 
(14) 
(15) 
(16) 
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with ethene-*3C,. The rate constant for condensa- 
tion with unlabeled ethene, process 18, is 3.5 x lo-l1 
cm3 molecule-l s-l yielding an efficiency of 
SiH(CH3)(C,H5)+ + C,H, 
-+ [sM(cH,)(c,H,)+]c,H, 
08) 
0.032 [25]. The corresponding condensation process is 
absent with Si(CH,):. Observation of condensation, 
process 18, suggests that the ion/molecule collision 
complex is long lived and, as a consequence, is stabi- 
lized by either infrared radiative emission [28, 291 or 
collisional stabilization with argon (ca. 6 ms/collision). 
In contrast to the clean displacement reaction (pro- 
cess 17), ethene-D, yields substantial H/D ex- 
change, processes 19-23, below, along with conden- 
sation (Table 2). Figure 3 illustrates the mass spectra 
obtained for reaction of SiH(CH,)(C,H,)+ with C,D, 
at various reaction times and clearly illustrates that 
only six hydrogens are exchangeable. We refer to 
Figure 36 as “exhaustive” H/D exchange, allowing 
the number of exchangeable hydrogens for an ion to 
be counted. In addition to H/D exchange, simple 
condensation is also observed (Figure 3). Isolation of 
the product of reaction 19 followed by additional 
trapping yields reactions 24-28, below. These results 
are very similar to the SiH(CH,)(C,H,)+ system, 
however, some additional H/D scrambling is ob- 
served. Due to poor signal-to-noise ratios the relative 
uncertainty in these branching ratios is &30$X. The 
predominance of process 27, however, suggests that 
the exchanged hydrogen in process 19 is primarily 
unscrambled with the ethyl hydrogens. Absence of 
isotopic exchange for Si(CH,)z is consistent with a 
recent report involving CAD of a C,D,/Si(CH,): 
adduct ion where exclusive loss of C,D, was observed 
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[30]. This result is also in accord with the lack of 
scrambIing of the methyl hydrogens for 
SiH(CH,)(C,Hs)+. The above ion molecule reactions 
clearly distinguish the two SiC,Hc isomers. 
The kinetics of both isotopic (H/D) exchange and 
ethene displacement yield insights into the mecha- 
nism involved in scrambling as well as details on the 
potential energy surface for the scrambling processes 
[31]. The high efficiency for the labeled ethene reac- 
tions suggest low barriers for the thermoneutral dis- 
placement, process 17, as well as H/D scrambling 
[31]. A proposed mechanism for the isotopic ethene 
results for SiH(CH-J(C,H,)+ is presented in Scheme 
I. The initial ion/molecule collision complex, 3, freely 
converts to either the bisected open carbenium, 4, 
with stabilization due to hyperconjugation of the de- 
veloping empty 2p orbital on the &carbon and the 
bisected C-Si u-bonding orbital [6, 7, 321, or the 
silicon bridged structure, 2 [33, 341. Hyperconjugation 
in the bisected open carbenium is maximized for an 
HC+CSi dihedral angle of PO’ [6, 7, 321. Ab initio 
calculations predict that the bridged structure is only 
slightly (ca. 4 kcal/mol) less stable than the corre- 
sponding /3-carbenium, $, with little or no barrier for 
their interconversion [32a]. Species 2 and 2 are acti- 
vated by the ethene binding energy, which is ca. 
20-25 kcal/mol [30, 351. Facile ethene insertion into 
an Si-H bond forms the diethyl complex, 6, yielding 
two equivalent ethyl groups. Subsequent fl--hydro- 
gen migration-ethene elimination (&-hydrogen etim- 
ination) completes the displacement process [S, 
36-401. Rapid, reversible H/D exchange has been 
observed for both SiH; (three exchangeable Hs) [XJ] 
and Si(CH,),H+ (one exchangeable H) [8] with C,D,. 
Rapid, reversible ethene insertion/&hydrogen mi- 
gration would yield an efficiency of 0.5 for process 17, 
which is within the experimental error of the ob- 
served efficiency. Hence, the mechanism in Scheme I 
must have low barriers for the ethene displacement 
process. The mechanism in Scheme I predicts that 
,.g:z?-+ Si(CH,)C,HsD++ C,HD, 
i.J.07 
I----*-> Si(CH,)C,H,D:+ C2H,D, 
SM(CH3)(C2H5)++ C,D,------.i 0.11 
I..-------> Si(CH,)C,H,D:+ C,H,D 
I 0.55 I-.---*---> Si(CH3)C,H2Dc+ C,H, 
:004 t...:.....> [S~H(CH~)(C,H,)+]~~D, 
,>:A!-.z Si(CH,)C,H,D,++ C,HDS 
i 0 16 ;-..:-...+ Si(CH3)C,H,Dl+ C,H,D2 
: 0 15 Si(CH,)C,H,D++ C,D, -.-----~.;-~~..~...> Si(CH,)C,H,D,C+ C,H,D 
I 0.47 V--S-....+ Si(CH,)C,HDc+ C2H4 
i-o:o4--> [Si(CH3)C2H,D+]C,D4 
(19) 
(20) 
(21) 
P) 
(23) 
(24) 
(25) 
(26) 
(27) 
w 
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Figure 3. Reaction of SiH(CH3) 
(C,HS)+ with 5.7 x lo-* tom of C,D,. 
(a) Isolation of Si(CH,)(C,H,) +, m/r 
73; (b) 1.0 s reaction with C,D,; (c) 3.0 
s reaction with C,D,; (d) 5.0 s reaction 
with C,D,. 
Scheme I 
d 
I 
SiD(CH3)(C2H5)+ (simple H/D exchange) and 
SiH(CH,)(C,D,H)+ to be the initial products. Subse- 
quent collisions with C,D, result in additional H/D 
exchange yielding ions containing five and six deu- 
terium with the sixth H/D exchange the terminal 
process (Figure 3). 
Scheme I, however, does not account for the H/D 
scrambling in processes 20 and 21. This additional 
H/D scrambling must occur within the collision com- 
plex and may be explained by invoking multiple re- 
versible ethene insertion/@-hydrogen migrations. 
This may proceed as depicted in Scheme II, where an 
initial ethene insertion/@-deuterium migration yields 
‘I, which undergoes a second P-hydrogen migration 
generating the hypervalent di-ethene species, Ej [41]. B 
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rapidly collapses to the diethyl, 10, via 9. Subsequent 
P-hydrogen migration/ethene -insertion results in 
two and three H/D exchanges, processes 20 and 21. 
Random scrambling of the six exchangeable hydro- 
gens in the initial collision complex, 3, prior to ethene 
elimination would yield the following isotopic distri- 
bution; SiC,H,D+ (11.5%), SiC,H,D$ (43.1%), 
SiC,H,D,+ (38.3%), and SiC,H,D: (7.2%). The low 
amount of processes 20 and 21 indicates that random 
H/D scrambling does not occur within the lifetime of 
the collision complex and that there is a significant 
barrier for this subsequent scrambling (Scheme II). fl 
-Hydrogen migration in 7 presumably generates a 
high energy intermediate, 8, and, consequently, the 
rate for processes 20 and 21 would be less than that 
for processes 19 and 22. The H/D exchange distribu- 
tion for reaction of Si(CHs)C,HsD+, formed by pro- 
cess 19, with ethene-D, suggests that the initial 
exchangeable hydrogen is primarily unscrambled with 
the ethyl hydrogens in accord with Scheme I. Finally, 
Scheme I predicts a ratio of 1:1.5 for processes 19 and 
22. The actual ratio is L2.5 and is in accord with a 
small normal kinetic isotope effect favoring retention 
of the label on the ethyl group. (The lowest energy 
configuration for the reaction intermediate is deu- 
terium bonded to carbon and not the silicon. The 
effect of the zero-point-energy differences for isotopi- 
tally distinct structures is responsible for this behav- 
ior.) 
A potential energy surface for Scheme 1 is pre- 
sented in Figure 4. The relative energy of the distinct 
intermediates are estimated as follows. The ethene 
binding energy to the organosilylenium is taken as 20 
kcal/mol [30, 351. The enthalpy of formation of 
SiH(CH,)(C,H,)+ is estimated to be 164 kcal/mol [27] 
and AHySi(CH,)(C,H,): is estimated to be 131 
kcaI/mol by assuming that the following reaction is 
thennoneutral and by using auxiliary thermochemical 
Si(CH,)l+ 2CzH5 ---z Si(CH,)(C,Hs)l+ 2CH, 
information from ref 27. The diethyl complex is clearly 
the most stable intermediate and lies in a deep poten- 
tial well. The relative efficiency of the isotopic ex- 
change/displacement reactions, processes 17, 19-22, 
Figure 4. Simplified potential energy surface for reaction of 
SiH(CH,)(C,H,)+ with ethene-D,. 
requires a low barrier for conversion of the collision 
complex, 3, to the diethyl species [31]. The transition 
state for this conversion, process 29, is probably 11. 
This process is analogous to the 
well-known oletin insertionjfl-hydrogen elimination 
process for transition metal systems where the transi- 
tion state employs a zero dihedral angle between 
M-C-C-H [42]. There are no restrictions in the 
corresponding organosilane species 4 and 2 from 
achieving this favorable geometry. 
An alternative ethene exchange mechanism involv- 
ing sequential 1,2-hydrogen atom migrations is pre- 
sented in Scheme III. (This mechanism was proposed 
in refs 6 and 7 to account for the CAD results for 
isomeric SiC,H& ions.) Again, initial ethene coordi- 
nation generates 4 and 5. Subsequent 1,2-hydrogen 
migration from 4 via +a yields carbenium 1_2. Facile 1,2 
-hydrogen migration from silicon forms the diethyl 
species, 1,3. Subsequent hydrogen migrations result in 
H/D exchange and ethene displacement accounting 
for process 19-22. Although this mechanism is consis- 
tent with the above isotopic results, it involves high 
energy intermediates that are energetically inaccessi- 
ble upon ethene coordination. There is a substantial 
barrier (ca. 30 kcal/mol) for generating o+silyIcar- 
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Scheme IV 
benium, 1,2, from 4 [6, 71. The barrier along the 4 -+ 1: 
@a) path results from geometric constraints .for this 
1,2-hydrogen migration where the empty 2p orbital 
on the P-carbon eclipses the C-Si u-bonding or- 
bital resulting in a loss of hyperconjugation 16, 71. As 
there is only 20-25 kcal/mol internal energy (the 
ethene binding energy) [30, 351 to drive the chem- 
istry, Scheme III is highly unlikely based on simple 
energetic arguments. 
Another possible mechanism for the above ethene 
-D4 results involves a simple 1,5-hydrogen shift in 
the initially formed intermediate, 4 (Scheme IV) This 
process, however, does not account for H/D ex- 
change with the Si-hydrogen. In addition, Scheme 
lV should be rapid for ethene exchange for both 
dialkylsilylenium and trialkylsilylenium ions. How- 
ever, trialkylsilylenium ions undergo isotopic ethene 
J fun Sot Mass Spectrom 1991, 2, 278-291 
exchange very slowly compared to the dialkylsilyle- 
nium ions (Table 2). Consequently, the direct 1,5-hy- 
drogen shit does not appear to be important for 
ethene exchange in dialkylsilylenium ions. 
Sic, HIT Isomers 
The fragment ion abundances versus kinetic energy 
for CAD of Si(CH&(C,H,)+ and SiH(C,H& are 
illustrated in Figures 5 and 6. Both isomeric ions yield 
nearly identical CAD spectra with sequential ethene 
eliminations occurring, process 30. This fragmentation 
pattern is consistent 
[S&H;II * -CA --P [ SiC,H,] * ’ -G-b --, siH,c 
P-9 
with that for the SiC,Hz isomers which eliminate 
primarily ethene. Here, CAD is unable to distinguish 
these two silylenium isomers. 
Methanol yields two primary reaction products with 
both SiC,H& isomers, reactions 31-34, below, as well 
as direct condensation (Table 1). These reactions are 
r.?-48..-> Si(CH,)(C,H,)OMe++ CH, 
Si(CH3)2(C2HS)+ + MeOH s--...---i 0.31 
‘-e..--..+ Si(CH&OMe++ C,H, 
0.55 
:‘-‘**--..> Si(C,H5)20Me++ H, 
SiH(C,H,): + MeOH’.--.---..! 0.43 
L.--.-.v..> SiH(C2H,)OMef+ C2H, 
(31) 
(32) 
(33) 
(3) 
0.010 1 I I I I I 
0.0 5.0 10 15 20 25 
E max (eV, Lab) 
Figure 5. Variation of ion abundances as a function of kinetic 
energy (laboratory Frank) for dissociation of collisiomUy acti- 
vated Si(CH,),(C,H,)+. 
SiH(CH&; 0 = sii;. 
l = Si(CH3)2(C2Hs)*; 0 = 
1 .o 
-;;: 
0.010 ’ I I I I 
0.0 5.0 10 15 20 25 
E max (eV, Lab) 
Figure 6. Variation of ion abundances as a function of kinetic 
energy (laboratory frame) for dissociation of collisionally acti- 
vated SiH(C,H&. 0 = SM(C,H,)~; 0 = Si(H),(C,H,)+; 0 = 
%H;. 
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quite distinct because methane elimination occurs only 
with the dimethylethyl isomer whereas dehydrogena- 
tion occurs only with the diethyl isomer. As for the 
SiCsHg isomers, the efficiency of the dialkyl isomer 
is nearly double that of the trialkyl isomer. In addi- 
tion, the trialkyl isomer yields considerably more con- 
densation than the dialkyl isomer (Table 1). Again, 
elimination of ethane is favored over methane elitni- 
nation for the dimethylethyl isomer (correcting for the 
statistical factor). Each of the products formed in reac- 
tions 31-34 undergoes subsequent reactions with 
methanol, ultimately producing trimethoxysilyle- 
nium. 
Ethene-=C, reacts rapidly (eff. = 0.46) with 
SiH(C,H,)$, yielding sequential displacement of 
ethene, process 35, with no vC/13C scrambling. 
+ +r3C,H, 
SiH(C,H,), 1-e-ti--’ SiH(C,H,)(‘3C2Hs)+ 
2 4 
+t3C,H, 
---C--G--> SiH(t3C,H,): (35) 
2 4 
Competitive with this displacement process is the 
correspondiig condensation process (cf. reaction 18). 
Ethene-D, yields complex H/D exchange, processes 
36-39, below, along with condensation (Table 2). Ex- 
haustive H/D exchange yields all hydrogens ex- 
changeable. These results are analogous to those for 
SM(CH,)(C,H,)+ and are readily accounted for by 
invoking processes detailed in Schemes I and II. 
Si(CHsMC~Hs)+ reacts much more slowly with 
labeled ethene (eff. = 0.0046 for ethene-13C2) than 
the corresponding dialkylsilylenium ions (Table 2). 
Again, ethene-13C, yields a clean displacement of 
unlabled ethene, process 40, with no further exchange 
observed. In accord with other 
Si(CH,),(C,H,)* +13C2H4 
---zSi(CH3)2(13C2H5)++ C,H, 
triaIkylsiIylenium ions simple condensation is not ob- 
served. In contrast to the above dialkylsilylenium ions, 
only a single primary reaction product is observed 
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with ethene-D4, process 41, followed by additional 
sloti exchange of 
Si(CH,),(C,H,) + + C2D4 
---> Si(CH3)Z(C2D4H)+ 
+ C2H4 (41) 
the remaining ethyl-H, yielding five exchangeable 
hydrogens in the product. Collison-activated dissocia- 
tion of either Si(CH3)2(13C2H5)+ (from process 40) or 
Si(CH3)2(C2Ds)+ (from exhaustive H/D exchange 
with ethene-D,) yields elimination of isotopically 
labeled ethene with no isotopic scrambling with the 
methyl groups. 
The simple ethene displacement without H/D 
scrambling may proceed by a mechanism analogous 
to that presented in Scheme II for the multiple H/D 
scrambling for dialkyl species. A proposed mecha- 
nism for the ethene-D, results for Si(CH&(C2HS)+ 
is presented in Scheme V. Ethene coordination forms 
the activated collision complex, I4. Unlike the di- 
alkylsilylenium species, there is not an Si - H bond 
into which ethene can readily insert, forming the 
corresponding ethyl species. Instead, ethene coordi- 
nation effects a slow @-hydrogen migration, yielding 
hypervalent 1,5 which rapidly collapses to 1_4 or i6 
followed by facile ethene elimination. The rate of 
ethene elimination from 1,4 and 26 is much greater 
than the rate for conversion to ‘I5 accounting for the 
absence-, of isotopic scrambling with ethene-D,. 
Scheme V incorporates the same basic features as 
Schemes I and II (i.e., ethene insertion/@-hydrogen 
migration). Alternatively, ethene displacement may 
proceed by a direct 1,5-hydrogen shift (cf. Scheme 
W. 
The CAD breakdown curves for the four SiCsH;, 
isomers (Si(CH&(i-CsH,)+, Si(CH3)2(n-CsH,)+, 
Si(CI-WGH&, and Si(CH3)s(r-C*H,)‘) are illus- 
trated in Figures 7-10. The CAD spectra for the two 
propyl species are nearly identical with competitive 
elimination of C,H, and CBH,, processes 42 and 43, 
below, dominating. Ethene elimination dominates at 
lo:AS--+ SiC4H1,,D*+ C,HD, 06) 
t”“?-.> SiC,H,D:+ C,H,D, (37) 
SiH(C,H,):+ C,D, -__-------! 0.05 
l--~~~~-~+ SiC,H,Dz+ C,HsD (38) 
:!:!??..a SiC,H,D:+ C,H, (39) 
+ CAD I”-------> SiC,H9++ C2H, W 
Si(CHs)z(CPY) ---.----..!_......_.. SiC H++ c H 
2 7 3 6 
(433) 
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Scheme V 
low collision energy with C,H, elimination more 
competitive at high collision energy. Elimination of 
CsH, probably proceeds by simple P-hydrogen mi- 
gration (e.g., process 29), whereas C2H, elimination 
clearly involves a complex rearrangement [6, 71. Rear- 
rangement yielding C,H, elimination is slightly more 
favorable for the i-propyl isomer. In contrast to the 
propyl species, CAD of the diethylmethyl isomer 
yields sequential ethene eliminations, whereas CAD 
of the 7r-ethene complex is characterized by a very 
efficient elimination of C,H, followed by subsequent 
eliminations reminiscent of Si(CH&. Hence, CAD 
distinguishes the x-ethene complex and the diethyl- 
methyl species from the corresponding propyl species. 
Methanol reacts with the two propyl isomers by 
competitive CH, /C,H, eliminations, processes 44 and 
45, below, as expected, however, the branching ratios 
are somewhat different (Table 1). Methane loss is 
favored for the i-propyl species, whereas essentially 
equal amounts of methane and propane losses are 
observed for the n-propyl species. Hence, elimina- 
tion of propane is favored over methane elimination 
for the n-propyl species (considering the statistical 
factor) as observed for the coresponding ethylmethyl 
isomers. However, propane and methane elimination 
occur with nearly equal facility for the isopropyl iso- 
mer (statistically). The reduced efficiency for propane 
elimination for the isopropyl system may reflect steric 
crowding in the incipient oxonium ion (e.g., 1) where 
it is more difficult to transfe: the alcoholic hydrogen 
to a tertiary alkyl carbon than a secondary alkyl car- 
bon. This restriction, however, is not observed for the 
corresponding secondary versus primary alkyl car- 
bons (see above). The s-ethene complex reacts ex- 
clusively by elimination of ethene, process 46. This 
simple displacement 
Si(CH,),( p - C2H4)+ + MeOH 
--+ (CH,),Si(HOMe)’ 
+ C&, (46) 
reaction has previously been observed in a flowing 
afterglow instrument [30]. Finally, methanol reacts 
with the diethylmethyl species by processes 47 and 
48, below. Again, ethane elimination is favored over 
methane elimination. 
Ethene reacts with the propyl isomers exclusively 
by propene displacement, process 49. Reaction with 
both ethene-D, and ethene-13C, yields 
Si(CH&(CsHr)++ C,H, 
---> (CH&Si(C,H,)+ + C,H, 
(49) 
no isotopic scrambling. Reaction of the i-propyl iso- 
mer with ethene yields pseudo first order kinetics 
with a rate constant of 6.2 x 10-n cm3molecule-‘s-l 
(eff. = 0.0061). Reaction of ethene with the n-propyl 
isomer is more complex, yielding an initial rapid reac- 
tion (relative to the i-propyl isomer) followed by a 
slow reaction (Figure 11). The initial rate constant is 
1.6 x 10Wn cm3molecule-1s-1, which is 2.6 times 
faster than that for the i-propyl isomer. The rate 
constant for the second linear portion of the kinetic 
plot is roughly 4 x lo-= cm3molecule-1s-‘, how- 
ever, the signal-to-noise ratio for the reactant ion 
signal is quite small at these longer reaction times, 
introducing additional uncertainty. This dichotomy of 
rate constants for the n-propyl isomer can be ex- 
plained by invoking processes represented in Scheme 
‘VI where ethene coordination results in formation of 
the hypervalent complex, 1_7, that decomposes by 
three pathways: 1) elimination of propene, 2) elimina- 
tion of ethene yielding an n-propyl complex, or 3) 
elimination of ethene yielding an i-propyl complex. 
As in Scheme V the decomposition of hypervalent 1.7 
forming products is much faster than its formation 
accounting for the absence of isotopic scrambling. The 
difference in rate constants for reaction of the n-pro- 
pyl isomer over the i-propyl isomer suggests that it 
is more diicult to form intermediate 17 from the 
i-propyl species than from the corresponding 
n-propyl species. This result, however, cannot be 
attributed to increased steric crowding in the i-pro- 
pyl isomer because the corresponding ethyl species, 
Si(CH,),(CrHs)+, has a reaction efficiency similar to 
that of the i-propyl species (Table 2). Instead, this 
difference in rate constants may be due to more facile 
P-hydrogen migration from a secondary carbon than 
r---**-~ Si(CH3)(C3H7)0Mef+ CH, 
Si(CH3),(C3H,)+ + MeOH -------[ L-O---> Si(CH3)20MeC+ C,H, 
(4 
(45) 
Si(CH,)(C,H,)l + 
:.qc-q..-, Si(C,Hs)rOMe++ CH, 
MeOH--------! 0.60 
L--------+ Si(CH,)(C2Hs)OMe++ C,H, 
(47) 
(48) 
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0.010 
0.0 5.0 10 15 20 25 30 
E max (eV, Lab) 
Figure 7. Variation of ion abundances as a function of kinetic Figure 9. Variation of ion abundances as a function of kinetic 
energy (laboratory frame) for dissociation of collisionally acti- energy (laboratory frame) for dissociation of collisionally acti- 
vated Si(CH&.(i-L&H,) +. 0 = Si(CH3)2(i-C3H7)+; 0 = vated Si(CH,)(C,H&. l = Si(CH,)(C,H&; V = SiC,H,+; 
S&H:; + = SiC,HF; A = SiCH:; n = SiCH:; 0 = Sic. A = SiCH;. 
8 
1 0.10 
‘;;j 
8 
‘3 
0 
c=: 
0.010 
0.0 5.0 10 15 20 25 30 
0.010 1 ,A , I I I I 
0.0 5.0 10 15 20 $5 30 
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Figure 8. Variation of ion abundances as a function of kinetic Figure 10. Variation of ion abundances as a function of kinetic 
energy (laboratory frame) for dissociation of collisionally acti- energy (laboratory frame) for dissociation of collisionally acti- 
vated Si(CH3)2(n-C,H,)+. l = Si(CH,),(n-C,H,)+; 0 = vated Si(CHs)3(x-C2H,)+. 0 = Si(CH&(r-C,H,)+; 0 = 
SiC,H$; 4 = SiC,HF; D = SiCH:; m = SiCH$; 0 = Si+. SiC,H,+; A = SiCH;; n = SiCHg. 
0.0 5.0 10 15 20 25 30 
E max (eV, Lab) 
290 HOLZNAGEL ET AL. J Am ‘5‘~ Mass Spectrom 1991,2,278-291 
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Figure 11. Temporal variation of the fractional amount of 
Si(CHs)2(CsH,)* for reaction of the n-propyl isomer with 1.6 
x 10m6 ton ethcne, process 48. 
a primary carbon. Hence, the n-propyl isomer ini- 
tially reacts rapidly by process 49; however, a fraction 
of the n-propyl species is isomerized to the corre- 
sponding i-propyl species, which reacts more slowly. 
Diethylmethylsilylenium reacts slowly with ethene 
-D4 and ethene-13C2 exclusively by sequential dis- 
placement of unlabeled ethene, process 50, which 
Si(CH,)(C,Hs)l+ 2*C& 
--+Si(CH3)(*C,Hs)l + 2C,H, 
(50) 
is analogous to that for Si(CH&(C,H,)+. This 
sequential displacement clearly distinguishes Si(CH,) 
(C,H& from the other SiCCJH,, isomers. 
The above specific reactions once again unequivo- 
cally distinguish the four distinct SiC,H& isomers. 
Conclusions 
Specitic ion/molecule reactions are demonstrated that 
structurally distinguish isomeric alkylsilylenium ions. 
These reactions involve either methanol or ethene 
(isotopically labeled). As a consequence of facile rear- 
rangements, CAD, in many cases, is not structurally 
diagnostic. The insertion of an olefin into an Si-H 
bond of a silylenium ion, process 29, is a facile pro- 
cess implying a low barrier [31]. 
The ability to distinguish isomeric organosilyle- 
nium ions will undoubtedly aid in understanding the 
complex chemistry of ionic organosiliconium species. 
Structures more complex than those discussed here 
should also be distinguishable by these methods. In 
short, the ability to determine unambiguously 
organosilylenium ion structures in the gas phase will 
greatly assist the general area of ionic organosilane 
chemistry. 
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